Abstract The influence of metal ions, such as Fe 2+ , Fe 3+ , Cu 2+ and Mn 2+ , on 4-CP degradation was investigated in an aqueous pulsed discharge plasma system with or without the addition of a TiO2 photo-catalyst. From an analysis of the pseudo first-order rate constant (kCP) and energy efficiency (G 50% ) for 4-CP degradation, the experimental results show that the degradation of 4-CP is much enhanced in the presence of ferrous ions at the optimal concentration of 0.2∼0.8 mmol/L or 0.2 mmol/L in an aqueous pulsed discharge plasma without or with the TiO2 system, respectively, and the enhancement is ascribed to plasma induced Fenton and photo-Fenton reactions. Meanwhile, the rank of such metal ions for catalytic effect on 4-CP degradation was Fe
Introduction
The aqueous pulsed discharge plasma (PDP) process is pulsed high-voltage discharge in the time scale of microseconds or nanoseconds in an aqueous solution, which favors non-thermal plasma, to produce chemically active species, i.e. high-energy electrons, ·OH, ·H, O·, O 3 , H 2 O 2 , neutral molecules (excited state), and ionic species. Simultaneously various physicochemical phenomena occur, whose effects are similar to electrohydraulic cavitation, UV-radiation, shock waves and supercritical water conditions [1, 2] . The aqueous pulsed discharge plasma process has been applied to the effective purification of water and removal of organic compounds in water, especially toxic organic compounds, e.g. phenols, chlorophenals and organic dyes, which are hard to efficiently degrade using conventional biotreatments, and for the sterilization of drinking water, and bacteria, including yeast [3∼17] . Such a technology or process has been extensively investigated [18∼22] .
To overcome the shortcomings of the low removal rate and removal efficiency of organic pollutants in practical applications, many researchers tried to fully utilize excessive hydrogen peroxide produced from the recombination of hydroxyl radicals in the aqueous pulsed discharge plasma system, and introduced Fe 2+ ions into the aqueous pulsed discharge plasma system or the contact glow discharge electrolysis to promote phenol decomposition via Fenton reactions [23∼25] . KOPRI-VANAC and MEDEDOVIC et al. found that the removal of organic dyes was highly promoted in the PDP process for Fenton reactions by adding Fe 2+ ions [15] . Thereafter, KŠIĆ et al. performed experiments where the immobilized Fe 2+ ions on the zeolite (FeZSM5) surface were utilized in the hybrid gas-liquid electrical discharge reactor for the enhancement of phenol removal through solid-surface Fenton reactions [11] . Additionally, MEDEDOVIC et al. used ferrous ions as an electrolyte to degrade the hardly-mineralized atrazine in a 10 min exposure under a pulsed electrical discharge in water [26] .
More interest has been focused on plasma induced photo-catalytic degradation of organic chemicals from ultraviolet light radiations of plasma channels in water (wavelength λ = 75∼185 nm) [27∼30] . We have tried to introduce ferrous ions (Fe 2+ ) into the aqueous pulsed discharge plasma process combined with a TiO 2 photocatalyst, resulting in the enhanced elimination of the organic pollutant para-chlorophenol (4-CP), due to more amounts of chemically active species being formed, especially hydroxyl radicals produced from photo-Fenton and photo-Fenton like reactions [31] .
In addition, it has been reported that metal ions, such as Fe 3+ , Cu 2+ and Mn 2+ , which also had photocatalytic chemical properties for the degradation of organic pollutants in the advanced oxidation processes (AOPs) due to photo-Fenton or photo-Fenton like reactions [32] . However, little work has been reported on the effect of metal ions as homogeneous catalysts, especially Cu 2+ and Mn 2+ , on the decomposition of organic contaminant in the aqueous pulsed discharge plasma process, especially in a novel aqueous pulsed discharge plasma process with the addition of TiO 2 . These two systems possess ultraviolet light radiation, a strong electric field and photo-catalytic effect on the redox reaction of holes (h + vb ) and photo-generated electrons (e − cb ) on the surface of TiO 2 particles [18] . Furthermore, chemically active species are generated, especially residual hydrogen peroxide [1, 28] . These conditions will induce photo-Fenton and photo-Fenton like reactions of Cu 2+ and Mn 2+ ions in aqueous pulsed discharge plasma with and without TiO 2 systems.
Therefore, the purposes of this paper are to clarify and promote the degradation rate and removal efficiency of the toxic and biorefractory organic pollutant 4-CP by introducing metal ions (Fe 2+ , Fe 3+ , Cu
2+
and Mn 2+ ) into the aqueous pulsed discharge plasma with or without TiO 2 processes, and to compare the enhanced effects of these metal ions in different processes. Finally, we will present possible mechanisms of the enhancement effect of metal ions in these aqueous pulsed discharge plasma processes with or without TiO 2 through analysis of oxidative species, especially hydrogen peroxide.
Experiment

Experimental apparatus
The pulsed high-voltage power supply and the hybrid gas-liquid phase electrical reactor are schematised in Fig. 1 . The pulsed high-voltage power source was applied to a storage capacitor (3 nF) to obtain an applied voltage of 0∼50 kV with a frequency of 150 Hz through the rotating spark-gap switch, and the energy of one pulsed discharge with approximately 100 ns rise time and about 500 ns duration can be calculated from current and voltage waveforms via a digital oscilloscope (Lecroy LT264) with a high-voltage probe (INC P150-GL/5k) and a current transducer (Peason Electronic M411). The needle-plate reactor used in this work consisted of a glass-cylinder chamber (φ60 mm×130 mm) with a water jacket to maintain the reactor at 298 K. The positive needle electrode was composed of five stainless steel acupuncture needles (φ0.30 mm×75 mm, Suzhou medical instruments Co., Ltd.), which were placed at the center of these microtubes protruding 1.0 mm from the top and located at the bottom of the gas chamber. Each microtube was made of a stainless steel microtube (φ1.0 mm×4.0 mm), which was connected with gas chamber at the bottom of the reactor. When the gas bubbled through the microtubes, the gas surrounded the needle tip and formed gas bubbles to homogenize the solution with an ultrasonic effect from shock waves in a pulsed discharge to stabilize TiO 2 suspension, and resulted in easily-stimulated hybrid gas-liquid phase electrical discharge with more hydroxyl radicals produced and a higher degradation efficiency. It was reported by one of our group members that the pulsed peak voltage applied on the reactor under gas bubbling conditions was lower than that without gas bubbling, while the pulsed current was reversed, however, the energy of one pulse inputted to the reactor with gas bubbling (0.220 J) was higher than that without gas bubbling (0.019 J) through an analysis of the waveforms of current and voltage inputted into the reactor. Moreover, the formation rate of a hydroxyl radical in a gas-bubbling system was higher than that in a non-bubbling system, and the adverse effect of liquid conductivity on the degradation efficiency was attenuated by gas bubbling [33, 34] . The ground plate electrode was made from a stainless steel plate 45 mm in diameter and located at the Teflon cap with four holes for the gas outlet. The electrode distance was adjusted by moving the ground plate electrode.
1 Grounded electrode, 2 Plexiglass cap, 3 Gas outlet, 4 Glass reactor wall, 5 Cooling water jacket, 6 Cooling water outlet, 7 Gas bubble, 8 Cooling water inlet, 9 Needle positive electrode, 10 Gas microtube, 11 Gas inlet, 12 Gas chamber, 13 Plexiglass cap for gas chamber, 14 Positive high-voltage wire, 15 Pulsed high-voltage power supply 
Materials and methods
The initial liquid conductivity of the aqueous mixture was adjusted by 0.1 mol/L KCl solution, and solution pH was adjusted by KOH (0.01 mol/L) and HCl (0.01 mol/L) solutions. The 4-CP solution was confected using analytical grade para-chlorophenol in deionized water. Iron ions were confected using analytical grade FeSO 4 ·7H 2 O for ferrous ions, and analytical grade Fe 2 (SO 4 ) 3 ·9H 2 O for ferric ions, respectively. Other metal ion solutions were confected with analytical grade metal sulfates. Titanium dioxide P-25 (Degussa, Germany) powder (approximately 25 nm in diameter) has a relatively large surface area (55 m 2 /g) and contains anatase and rutile phases in a ratio of about 4 : 1.
The samples were analyzed by HPLC (Knauer K-2005), equipped with an MS-2 C 18 column (φ4.6 mm×250 mm) and a UV detector set at 278 nm for 4-CP analysis. The mobile phase was prepared by the H 3 PO 4 solution (0.001 wt.%) and purified methanol with the flow ratio of 60 : 40. H 2 O 2 concentration was determined colorimetrically using the reaction of H 2 O 2 with titanyl ions by the analysis of the maximum absorbance of the yellow peroxotitanium (IV) complex at λ=410 nm using a UV-Visible spectrophotometer (Techcomp 8500) [35] . The conductivity of the solution was measured by a conductivity meter (DDS-11 A).
The 4-CP removal rate can be calculated by the following equation:
where C t , C 0 , R CP and t are the concentration of 4-CP at a given reaction time t (mg/L), the initial concentration (mg/L) , 4-CP removal (%) and reaction time t (s), respectively. The degradation of 4-CP (k CP ) obeys pseudo-firstorder kinetics with a good correlation coefficient (R 2 ) value (0.980∼1.000), which is for the evaluation of the linear equation of pseudo-first-order kinetics. The kinetic pathway of 4-CP degradation can be expressed as follows:
where C t , C 0 , k CP and t are the concentration of 4-CP at a given reaction time t (mg/L), the initial concentration at t = 0 s (mg/L), the rate constant (s −1 ) and reaction time (s), respectively.
To evaluate the discharge energy efficiency for 4-CP removal, the G 50% yield value (g/kWh) is calculated by the amount of 4-CP molecules decomposed over the energy input on the reactor [5] :
is the solution volume, C (F) is the capacitance of pulse forming capacitor, V (V) is the discharging voltage, f (Hz) is pulse frequency, and t 50% (s) is the treatment time when 50% of 4-CP is removed.
3 Results and discussion
Catalytic degradation of 4-CP in aqueous pulsed discharge plasma with metal ions
According to our previous experimental results obtained in this hybrid gas-liquid phase discharge reactor in the aqueous pulsed discharge plasma process, we optimized the experimental conditions as follows [29] : applied voltage was kept at a 14 kV, discharge frequency at 150 Hz, 4-CP concentration at 100 mg/L, electrode distance at 2 cm, aqueous temperature at 298±2 K, and O 2 flow rate at100 L/h. Fig. 2 shows the impact of the concentration of ferrous ions on the catalytic degradation of 4-CP. It illustrates that Fe 2+ concentration at 0.2∼0.8 mmol/L in the aqueous pulsed discharge plasma process has a more enhanced effect on 4-CP degradation, however, when Fe 2+ concentration is from 0.8 mmol/L up to 1.2 mmol/L, the enhanced effect is attenuated. Therefore, the optimum Fe 2+ concentration can be chosen in the range of 0.2∼0.8 mmol/L. Meantime, reaction constant (k CP ) and energy efficiency for 4-CP removal (G 50% ) in this range of Fe 2+ concentration were higher than those for other Fe 2+ concentrations, as shown in Table 1 . In addition, the best concentration of ferrous ions under these experimental conditions for the catalytic decomposition of 4-CP was 0.2∼0.8 mmol/L. To compare the influence of various metal ions, including iron ions (Fe 2+ and Fe 3+ ), on the catalytic degradation of 4-CP, we selected a relatively low concentration of these metal ions, 0.2 mmol/L, from the above experimental results. As demonstrated in Fig. 3 ions compared with the blank aqueous pulsed discharge plasma system, they had the same trends as k CP , and were respectively increased by 137.9% and 106.3%. However, k CP and G 50% values for Cu 2+ and Mn 2+ were slightly higher than those in the blank PDP processes.
To know about the reason of catalytic differences among these metal ions for 4-CP degradation, we analysed the primary long-lived chemically reactive species, such as H 2 O 2 , and detected its residual concentration in the process of aqueous pulsed discharge plasma treatment of 4-CP, as shown in Fig. 4 . Fig. 4 shows that the residual H 2 O 2 concentrations in blank aqueous pulsed discharge plasma processes are higher than those with metal ions, and H 2 O 2 concentrations for iron ions are obtained at the lowest value around 0.5 mmol/L, which can be attributed to Fenton reactions and Fenton-like reactions [1, 18, 31] , because the residual amount of hydrogen peroxide (produced from residual OH radicals and ·O radicals, and aqueous ozone) is fully utilized to generate more hydroxyl radicals (·OH) as the reactive, non-selective radical for oxidizing organic compounds, resulting in a more effective removal of 4-CP [31] . The main chemical reactions involved may be given as follows:
(O 3 formation in the gaseous phase)
(the effect of highly energized electrons) (6)
(·OH production from atomic oxygen radicals) (7)
Due to photo-catalytic reduction and the regeneration of Fe 2+ from Fe 3+ by the primary intermediates (4-chloro-1, 4-benzoquinone-1, 4-hydroquinone and 1,4 -benzoquinone) [31, 36] , reactions (10) and (11) were liable to take place, so ferric ions also exhibited good catalytic effects on 4-CP degradation in the aqueous pulsed discharge plasma/Fe 3+ process because of Fenton-like reactions. The enhanced effect of aqueous pulsed discharge plasma/Fe 2+ over aqueous pulsed discharge plasma/Fe 3+ can be explained by the conversion of ferric ions to ferrous ions, which would happen first. From Fig. 4 , after a treatment of 24 min, the residual concentration of H 2 O 2 in the aqueous pulsed discharge plasma/Fe 2+ process increases somewhat curvedly, due to the quick oxidization of ferrous ions to ferric ions and the attenuated ability of Fe 2+ regarding H 2 O 2 decomposition. However, Cu 2+ and Mn 2+ ions with lower catalytic abilities for the decomposition of H 2 O 2 , as shown in Fig. 4 
Mn
Catalytic degradation of 4-CP in aqueous pulsed discharge plasma /TiO 2 with metal ions
To contrast the catalytic effect on 4-CP degradation with different metal ions in an aqueous pulsed discharge plasma system with addition of TiO 2 , the TiO 2 dosage was set at 50 mg/L, referring to our previous work [29] . Other experimental conditions were similar to those mentioned above. Firstly, we determined the optimal concentration of ferrous ions in such an aqueous pulsed discharge plasma with a TiO 2 system. As illustrated in Fig. 5 , at a concentration of ferrous ions of 0.1∼0.4 mmol/L, the speed of 4-CP removal is accelerated during the treatment time of 24 min, and the degradation of 4-CP reaches approximately 99%. Moreover, the improved effect of 0.2 mmol/L ferrous is more obvious than that at other concentrations. When the concentration of Fe 2+ is above 0.5 mmol/L, ferrous ions have a negative effect on 4-CP removal. Two reasons can be mentioned as follows: a. more ferrous ions existing in the aqueous pulsed discharge plasma with a TiO 2 system would scavenge more highly-energized electrons (e − ), and further influence the generation of the plasma channel to weaken the production of chemically active species and UV light illumination from the pulsed discharge plasma, and eventually decrease the photo-catalytic action of the TiO 2 photo-catalyst in the PDPT system; b. Fe 2+ ions at a high concentration would be reduced into zero-valance Fe 0 on the surface of TiO 2 particles by the interaction with photogenerated electrons (e − cb ) in the conduction band and weaken the separation efficiency of holes (h + vb ) in the valence band, and thus affect the photo-catalytic effect of TiO 2 particles in the discharge plasma with TiO 2 (PDPT) system [39] . This can be explained by the following reactions:
Fe
Data of rate constant (k CP ) and 4-CP removal efficiency (G 50 ) are listed in Table 3 . It is obvious that the rate constant (3.59×10 −3 s −1 ) at the concentration of ferrous ion of 0.2 mmol/L was the highest one compared with other concentrations. In comparison with that in a blank PDPT, k CP was improved by 35.5% from 2.65×10 −3 s −1 to 3.59×10 −3 s −1 , and G 50% was also enhanced by 35.8% from 2.04 g/kWh to 2.77 g/kWh. These enhancements were higher than those at other concentrations. When Fe 2+ concentration was above 0.5 mmol/L, the corresponding values of k CP and G 50% were lower than those in the aqueous pulsed discharge plasma with TiO 2 blank systems. Therefore, the optimal concentration of a ferrous ion in an aqueous pulsed discharge plasma with a TiO 2 system can be selected as 0.2 mmol/L in the following experiments. To compare the catalytic effect of ferrous ions with that of other metal ions, such as Fe 2+ , Cu 2+ and Mn 2+ , we chose the same concentration of metal ions at 0.2 mmol/L in an aqueous pulsed discharge plasma with a TiO 2 system. Fig. 6 illustrates that the introduction of these iron ions into an aqueous pulsed discharge plasma with a TiO 2 system accelerates the degradation speed of 4-CP, whereas Cu 2+ and Mn
2+
ions have a negative effect on 4-CP degradation in an aqueous pulsed discharge plasma with TiO 2 systems. However, the degradation rates of 4-CP with Cu 2+ and Mn 2+ ions are faster than those in the aqueous pulsed discharge plasma systems (Blank). The 4-CP removal rate in an aqueous pulsed discharge plasma with a TiO 2 system with Cu 2+ is somewhat slower than that in the aqueous pulsed discharge plasma system at the initial stage, but after 18 min reaction time, the 4-CP degradation rate is obviously quicker than that in the aqueous pulsed discharge plasma system. To quantitatively clarify the enhanced effects of these metal ions, the rate constants (k CP ) and energy efficiency (G 50% ) calculated are listed in Table 4 . The PDPT system combined with ferrous ions offers the best enhanced effect among all these metal ions. The enhanced effect on k CP is approximately 2.3 times that in the PDP system (Blank), from 1 [7, 17] , and the decomposition of a large amount of residual H 2 O 2 produced from aqueous pulsed discharge plasma system would generate numerous ·OH. Meanwhile 
Because Cu 2+ and Mn 2+ ions influenced the photoactivity of TiO 2 and the generation of H 2 O 2 , the concentrations of H 2 O 2 were lower than those in aqueous pulsed discharge plasma with TiO 2 systems, but higher than iron ions in aqueous pulsed discharge plasma with TiO 2 systems. Therefore, they possessed a lower enhanced effect than iron ions.
Conclusion
From the catalytic influence of metal ions, such as Fe 2+ , Fe 3+ , Cu 2+ and Mn 2+ , in an aqueous pulsed discharge plasma with or without a TiO 2 system on organic pollutant para-chlorophenol (4-CP) degradation, we found that the degradation of 4-CP was obviously enhanced in the presence of ferrous ions at the optimal concentration of 0.2∼0.8 mmol/L in the aqueous pulsed discharge plasma system because of Fenton reactions. Meanwhile, the rank of such metal ions for catalytic effect on 4 and Cu 2+ into the aqueous pulsed discharge plasma with a TiO 2 system presented a negative effect on 4-CP removal, since they scavenge highly-energized electrons or they are reduced to metal particles on the surface of TiO 2 particles, however, their effects were better than those in an aqueous pulsed discharge plasma system without any metal ions (a blank system).
Iron ions (Fe 2+ and Fe 3+ ) demonstrated a better catalytic effect on organic contaminant 4-CP degradation in an aqueous pulsed discharge plasma with or without a TiO 2 system because of plasma induced Fenton and photo-Fenton reactions. The best catalytic effect of ferrous ions (Fe 2+ ) was improved respectively by 87.8% or 35.5% in an aqueous pulsed discharge plasma without or with a TiO 2 system, as derived from analysis of rate constants (k CP ) and energy efficiency (G 50% ). An aqueous pulsed discharge plasma system with the addition of TiO 2 and ferrous ions witnessed an increase of 130.1% in comparison with the PDP system with no metal ions (a blank system).
